Abediterol is a once-daily, long-acting b 2 -adrenergic agonist in development for the treatment of asthma and chronic obstructive pulmonary disease. We assessed the efficacy, safety, and tolerability of three dose levels of abediterol, given once daily for 7 days in patients with stable, persistent asthma. This was an ascending-dose, three-period incomplete crossover study design investigating three dose levels of abediterol versus placebo (EudraCT No. 2008-003732-38). Twenty-eight male patients (25-59 years) were randomized to one of four treatment sequences (1:1:1:1). Follow-up was 7 days after final treatment. Spirometry was performed regularly up to 24 h postdose Day 1, up to 36 h postdose Day 7, and at follow-up. Vital signs, 12-lead electrocardiogram, and clinical laboratory tests were recorded throughout. Abediterol 2.5, 5, and 10 lg provided clinically and statistically significant improvements from baseline (predose, Day 1) in trough forced expiratory volume in 1 sec (FEV 1 ) versus placebo on Day 7 (primary endpoint) of 334, 365, and 294 mL, respectively (all P < 0.01), and peak FEV 1 versus placebo on Day 7 of 364 (P < 0.001), 403 (P < 0.001), and 375 mL (P < 0.01), respectively. Days 1 and 7 area under the curve (AUC) parameters within each abediterol group were similar for AUC 0-6 , AUC 0-12 , AUC 0-24 , and AUC 12-24 , with dosedependent effects observed on Day 1. Abediterol (2.5-10 lg) demonstrated a good safety and tolerability profile. Abediterol 2.5, 5, and 10 lg once daily achieved statistically and clinically significant improvements in pulmonary function versus placebo over 7 days and demonstrated a safety and tolerability profile comparable with placebo.
Introduction
Inhaled bronchodilators in the form of long-acting b 2 -adrenergic agonists (LABAs) in combination with an anti-inflammatory agent, i.e. inhaled corticosteroids (ICS), are recommended for the treatment of patients with asthma that is uncontrolled by medium doses of corticosteroid monotherapy (Global Initiative for Asthma 2017). A number of LABA/ICS combinations are approved for the treatment of asthma, including fixed combinations of salmeterol/fluticasone propionate and formoterol/ budesonide (Electronic Medicines Compendium 2016a . More recently, the first once-daily fixed-dose LABA/ICS combination of vilanterol/fluticasone furoate became available for the treatment of asthma and chronic obstructive pulmonary disease (COPD) (Electronic Medicines Compendium 2016b) . In continuing efforts to tackle the burden of asthma at a personal as well as societal level, it remains necessary to examine ways of optimizing treatment outcomes. Once-daily treatments may therefore play a role in this regard by potentially simplifying treatment regimens and aiding patient adherence to treatment (Cazzola and Matera 2008) .
Abediterol napadisylate is a novel, once-daily LABA in development as a fixed-dose combination with an ICS or another anti-inflammatory agent for the treatment of asthma and COPD (Aparici et al. 2012) . Preclinical data show that abediterol is a potent, selective, and full b 2 -adrenoceptor agonist with a rapid onset of action and long-lasting effects (Aparici et al. 2012 ). Early-phase clinical studies have shown that abediterol ≤10 lg is well tolerated with no clinically relevant effects on heart rate, blood glucose, or serum potassium in healthy subjects, patients with asthma, or patients with COPD (Singh et al. 2014; Timmer et al. 2014; Beier et al. 2016) . In patients with mild-to-moderate asthma, abediterol (5-25 lg) demonstrated significant improvements in lung function compared with placebo and salmeterol 50 lg twice daily as early as 5 min postdose, with a safety and tolerability profile consistent with that expected for a b 2 -agonist (Beier et al. 2014) . In another single-dose study, abediterol 0.313-2.5 lg provided rapid, dose-dependent, clinically and statistically significant bronchodilation versus placebo that was maintained over 24 h in patients with asthma; a peak effect similar to salbutamol was also demonstrated, along with a good safety and tolerability profile (Singh et al. 2014) .
In this study, we investigated the efficacy, safety, and tolerability of three doses of abediterol administered via Cyclohaler â (Pharmachemie B.V., Haarlem, The Netherlands) once daily over 7 days in patients with stable, mild-to-moderate, persistent asthma.
Materials and Methods
Male patients aged 18-70 years with a clinical diagnosis of persistent asthma (according to Global Initiative for Asthma guidelines (Global Initiative for Asthma 2017)) for ≥6 months prior to screening were eligible for inclusion in the study. Patients received a stable dose of ICS together with a short-acting b 2 -agonist or a LABA during the 6 weeks prior to screening and had not been exposed to any investigational medicinal product during that time.
Patients were required to have a forced expiratory volume in 1 sec (FEV 1 ) >60% and ≤85% of the predicted normal value, with an FEV 1 reversibility ≥12% and an absolute increase in FEV 1 of ≥200 mL over baseline value following inhalation of salbutamol 400 lg at screening. Patients were excluded from the study if they had a smoking history during the past 12 months or history of smoking greater than 10 pack-years; presence or history of relevant clinically significant disease; hospitalization or emergency room treatment for acute asthma ≤6 weeks prescreening, between screening, and the first treatment period or between treatment periods; and required treatment with b 2 -adrenergic antagonists.
The use of oral b 2 -agonists, oral or inhaled anticholinergics, oral corticosteroids, theophylline or other xanthines (including slow release), leukotriene antagonists, nonselective b 1 -blocking agents (selective b 1 -blocking agents were permitted if stable ≥4 weeks prior to screening), non-potassium-sparing diuretics, antiarrhythmic agents, antidepressants, antipsychotics, macrolide antibiotics, fluoroquinolones, and antiprotozoal agents and other investigational drugs were prohibited during the study. Salbutamol pressurized metered dose inhaler (100 lg/puff) was the only reliever medication permitted and was used on an as-needed basis and avoided 6 h prior to and during a treatment visit unless absolutely necessary. Inhaled LABAs were permitted between treatment periods providing the dose remained fixed and were withheld from 72 h prior to study treatment until the last assessment of the respective treatment period.
Compliance with study design
This was a Phase IIa, randomized, double-blind, multipledose, placebo-controlled, three-period, incomplete crossover, sequential, dose-ascending study in male patients with persistent, mild-to-moderate asthma (EudraCT No. 2008-003732-38) . The study was conducted at two sites in Germany. The study protocol, the patient's information, and consent form were approved by the Ethik-Kommission bei der Landes€ arztekammer Hessen (an Independent Ethics Committee at the Chamber of Physicians, Hessen) and complied with the Declaration of Helsinki and the International Conference on Harmonisation and Good Clinical Practice guidelines. Patients provided written informed consent.
After screening, during which usual asthma treatment was withdrawn except for ICS and salbutamol rescue therapy, patients were randomized to one of four treatment sequences in a 1:1:1:1 ratio. During the study period, patients received three of the four treatments tested (abediterol 2.5, 5, or 10 lg or placebo, administered once daily), each within a separate 7-day treatment period, with each treatment period being separated by a 7-to 21-day washout period. A follow-up evaluation was performed 7 days after inhalation of the last treatment. Abediterol and placebo were administered in the morning as dry powder delivered from hard capsules inhaled through a rechargeable device (Cyclohaler â ).
Efficacy assessments
Pulmonary function tests (spirometry) were conducted at screening, during each treatment period, i.e., on Day 1 at predose, 5, 15, 30 min, then at 1, 2, 3, 4, 6, 8, 12, 14, 23 , and 24 h postdose; on Day 4 at predose, and on Day 7 at the same time points as Day 1 (but not at 5 and 15 min) plus at 36 h postdose, and at follow-up. Spirometers were used to measure FEV 1 , forced vital capacity (FVC), peak expiratory flow (PEF), and forced mid-expiratory flow ) and met American Thoracic Society and European Respiratory Society recommendations for accuracy and precision. To ensure stability of disease, the predose FEV 1 on Day 1 of each treatment period was to be within 80-120% of the FEV 1 measured at screening prior to salbutamol inhalation.
Safety and tolerability assessments
Adverse events (AEs), including serious AEs (SAEs), were recorded throughout the study and follow-up period. A complete physical examination was performed at screening and at follow-up. Vital signs (blood pressure, pulse rate) and 12-lead electrocardiogram (ECG) measures were made at screening, predose, and at 10 (15 min for the ECG) and 30 min, 1, 2, 4, 6, 8, 12, and 24 h postdose on Day 1 and Day 7 (with an additional time point at 36 h), as well as predose and 30 min postdose on Day 4, and at follow-up. Clinical laboratory tests (hematology, blood chemistry, urinalysis, and serology) were performed at screening, at 24 h postdose on Days 1 and 7, and at follow-up. Coagulation tests were conducted at screening only. Serum potassium and blood glucose were determined at screening as well as at predose and 15 min, then at 4, 12, and 24 h postdose on Day 1 and Day 7 (with an additional time point at 36 h), and predose and 30 min after treatment on Day 4.
Statistical analysis requirements
The primary efficacy endpoint was the least squares mean (LSM) change from baseline (predose Day 1) in trough FEV 1 on Day 7 (LSM of the two highest FEV 1 readings measured at 23 and 24 h after the final dose was administered). Secondary efficacy endpoints included: LSM change from baseline in trough FEV 1 on Day 1, trough FVC, PEF, and FEF 25-75 , and peak FEV 1 on Days 1 and 7; time to peak FEV 1 on Day 1; LSM change from baseline in normalized FEV 1 and FVC area under the curve (AUC) 0-6, 0-12, 12-24, and 0-24 h postdose (Days 1 and 7) and 0-36 h (Day 7); and LSM change from baseline in FEV 1 , FVC, PEF, and FEF 25-75 at each time point on Days 1 and 7.
Analyses of all efficacy variables were performed on the per protocol population, defined as a subset of the safety population constituted by those patients who satisfied the main inclusion/exclusion criteria liable to affect the efficacy assessments, completed all treatment periods, and did not present serious violations of the protocol. All safety outcomes were analyzed using the safety population, defined as all randomized patients who received at least one dose of study medication.
The primary efficacy variable was analyzed using an analysis of covariance (ANCOVA) model for crossover designs; secondary efficacy variables were analyzed, according to the nature of variable, by means of ANCOVA models or descriptive statistics. Between-treatments comparisons were performed by means of contrasts on the treatment factor. The difference between treatments was estimated by the difference between the LSM, its standard errors, and 95% confidence intervals. All statistical tests were performed using a 0.05, two-sided significance level. All safety and tolerability data, number of withdrawals, and concomitant medications were analyzed by means of the appropriate descriptive statistics across treatment groups. All statistical analyses were performed using Statistical Analysis Software (SAS Institute Inc., Cary, NC, USA) version 8.2.
Results
Of 28 male patients screened, 20 patients with stable, persistent asthma were randomized to treatment (mean age 42.7 AE 10.2 years). All patients were included in the safety population (Fig. 1 ). In total, 19 patients (per protocol population) completed the study and one patient withdrew due to an AE (acute bronchitis). Patient demographics are presented in Table 1 .
All doses of abediterol significantly increased trough FEV 1 from baseline (predose Day 1) compared with placebo on Day 7 (adjusted mean change 0.334, 0.365, and 0.294 L with abediterol 2.5, 5, and 10 lg, respectively; all P < 0.01; Table 2 ). On Day 1, the increase in trough FEV 1 from baseline (predose Day 1) with abediterol (all doses) compared with placebo was greater than on Day 7 (adjusted mean change 0.444, 0.500, and 0.520 L with abediterol 2.5, 5, and 10 lg, respectively; all P < 0.0001; Table 2 ). No dose-response relationship was evident for the effect of abediterol on change from baseline in trough FEV 1 at Day 1 or Day 7. Significant improvements in FEV 1 with abediterol (all doses) compared with placebo were observed from 5 min postdose on Day 1 ( Fig. 2A) and these changes were sustained until the end of the 24-h period on Day 1 (Fig. 2B ) and up to 36 h on Day 7 (Fig. 2C) . Changes from baseline in FEV 1 with abediterol compared with placebo were considered clinically relevant and statistically significant at all time points on Day 7 (P < 0.05; except for the 36-h time point with abediterol 10 lg, P = 0.1871) (Fig. 2C ) and Day 1 (P < 0.001; except for the 5-min time point with abediterol 2.5 lg, P < 0.01) (Fig. 2B) . At Day 7, the majority of patients reached their Discontinued n = 1 (abediterol 2.5 µg) Figure 1 . Flow diagram of the patients receiving one of four study treatment sequences. From 28 patients screened, 20 male patients with asthma who fulfilled the inclusion and exclusion criteria were included in the study. Patients were randomly assigned to one of the four possible treatment sequences, according to a randomization schedule in a 1:1:1:1 ratio. Each patient received three of the four treatments tested, each within a separate treatment period (7 days). One patient was withdrawn from the study at the end of Treatment Period 1 due to safety reasons and protocol compliance. peak FEV 1 within 2-4 h postdose (Fig. 3) . Change from baseline in peak FEV 1 was also clinically and significantly greater with abediterol compared with placebo on Day 1 and Day 7; adjusted mean change following abediterol 2.5, 5, and 10 lg versus placebo was 0.482, 0.548, and 0.565 L, respectively, on Day 1 (all P < 0.0001), and 0.364, 0.403, and 0.375 L on Day 7 (all P < 0.01; Table 2 ). On both Day 1 and Day 7, normalized AUC FEV 1 parameters within each abediterol dose group were similar for AUC 0-6 , AUC 0-12 , AUC 0-24 , and AUC 12-24 (Table 3) . AUC FEV 1 -adjusted means on Day 1 showed dose-dependent increases across all time intervals examined, ranging from 0.567 to 0.701 L for abediterol 2.5 lg, 0.621 to 0.747 L for abediterol 5 lg, and 0.658 to 0.774 L for abediterol 10 lg. AUC FEV 1 -adjusted means on Day 7 were not dose-dependent and ranged from 0.454 to 0.593 L for abediterol 2.5 lg, 0.451 to 0.586 L for abediterol 5 lg, and 0.356 to 0.554 L for abediterol 10 lg. Differences between AUC FEV 1 values with abediterol versus placebo at Days 1 and 7 were considered clinically relevant and statistically significant (P < 0.05).
Similar clinically relevant and statistically significant increases from baseline with abediterol versus placebo were observed for PEF and FEF 25-75 on Days 1 and 7 (P < 0.05 for all). Peak FEV 1 values (the highest FEV 1 value observed over the first 4 h) following abediterol treatments on Day 1 were reached at a median time of 180 min (3 h) postdose.
Safety and tolerability
Single and multiple doses of abediterol 2.5, 5, and 10 lg were generally safe and well tolerated in male patients with stable asthma. A dose-response relationship was observed after repeated dosing for some of the safety and tolerability outcomes measured, such as change in pulse rate, change in heart rate, and the occurrence of tremor and nervousness. Overall, 15 patients (75%) reported 56 treatment-emergent AEs (TEAEs; 28 mild, 23 moderate, and five severe). The proportion of patients who experienced at least one TEAE was 40%, 57%, and 50% in the abediterol 2.5, 5, and 10 lg groups, respectively, compared with 47% in the placebo group (Table 4) . There was a dose-dependent increase in the number of patients with tremors from zero patients treated with 2.5 lg abediterol to two patients treated with 5 lg abediterol and five patients treated with 10 lg abediterol. Similarly, there was a dose-dependent increase in the number of patients with nervousness from zero patients treated with 2.5 lg and 5 lg abediterol to three patients treated with 10 lg abediterol. The most common TEAEs (Table 4) were headache (15 events in 11 patients) and tremor (eight events in seven patients). Five TEAEs were considered severe: concussion, skeletal injury, headache, and migraine (in two patients). These severe TEAEs were not considered related to the study medication in any treatment group. No SAEs or deaths occurred during the study. One patient withdrew due to bronchitis, which was moderate in severity, occurred several days after inhalation of abediterol 2.5 lg, and was not related to study medication.
There was no evidence of clinically meaningful effects on serum potassium or on blood glucose after inhalation of abediterol at any dose on Day 1 or 7. No clinically significant findings were found in the 12-lead ECG parameters that were assessed. A small increase in heart rate from baseline was observed with abediterol compared with placebo on Day 7. This increase was dose-dependent until 36 h postdose (except for the time point of 4 h) and reached a maximum value of 10.7 bpm at 6 h with abediterol 10 lg. The maximum mean increases in heart rate in the other abediterol-treated groups were 6.1 bpm at 36 h postdose with abediterol 2.5 lg and 7.5 bpm at 8 h postdose with abediterol 5 lg. In comparison, the mean increase in the placebo group reached a maximum of 4.1 bpm 36 h postdose. Overall, this increase was not considered to be clinically significant and as this was not designed as a QT study these data were only analyzed using descriptive statistics. for FEV 1 absolute values shows that the bronchodilatory effect of all abediterol doses (2.5 µg, 5 µg, and 10 µg) compared with placebo treatment was rapid (A) and sustained until the end of the 24-h observation period on Day 1 (B) and until the end of the 36-h period on Day 7 (C). All changes from baseline in FEV 1 with abediterol compared with placebo were statistically significant at all time points on Day 7 (P < 0.05, except for the 36-h time point with abediterol 10 lg, P = 0.1871) and Day 1 (P < 0.001, except P < 0.01 for the abediterol 2.5 µg dose at 5 min). FEV 1 , forced expiratory volume in 1 sec.
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Page 6 On Day 7, a slight numerical increase from baseline in QT corrected by Bazett's formula (QTcB; maximum mean increase from predose on Day 1, 14.9 msec with abediterol 10 lg vs. 3.4 msec with placebo at 6 h postdose) and QT corrected by Fridericia's formula (QTcF; maximum mean increase from predose on Day 1, 6.93 msec with abediterol 10 lg at 4 h postdose vs. 2.53 msec with placebo at 8 h postdose) was observed with abediterol compared with placebo. Similarly, normalized AUC 0-24 QTcB and QTcF showed a slight numerical increase with abediterol versus placebo on Day 7 (normalized AUC 0-24 QTcB, 403.05 msec with abediterol 10 lg vs. 394.26 msec with placebo; normalized AUC 0-24 QTcF, 395.10 msec with abediterol 10 lg vs. 392.34 msec with placebo). However, as the trial was not specifically designed for a thorough QT evaluation, only descriptive statistics were performed and a cautious assessment of these data should be made.
Discussion
In this study in patients with stable, persistent asthma, single and multiple doses of abediterol 2.5, 5, and 10 lg provided a marked and sustained, clinically relevant and statistically significant improvement in lung function compared with placebo, with no dose-dependent effects. Onset of action was rapid and maximum bronchodilation was observed at 2-4 h postdose.
Later dose-ranging studies of abediterol in patients with stable asthma (dose range 0.313-2.5 lg (Singh et al. 2014) ) and in patients with stable COPD (dose range 0.625-10 lg (Beier et al. 2016 ) once daily) have demonstrated clinically and statistically significant dose-related improvements in bronchodilation compared with placebo. The lack of dose-response in bronchodilatory effect in this study suggests that the doses tested were at the top of the dose-response curve. This is further supported by an earlier study that examined a range of abediterol doses from 5 to 25 lg in patients with stable asthma (Beier et al. 2014) where no dose-response relationship was observed.
The bronchodilator effects of abediterol (trough FEV 1 vs. placebo) on Day 7, while still exceeding the predose by 0.294-0.365 L, were less pronounced than on Day 1, which may indicate some tachyphylaxis, and this was most evident with the highest dose compared with lower doses. This rapid reduction in bronchodilator pharmacodynamic response is widely acknowledged with the LABA class of drugs, however, and will be explored in subsequent studies using doses of abediterol in the therapeutic range. Overall, abediterol demonstrated a good safety and tolerability profile, comparable with other studies in the abediterol development program (Beier et al. 2014; Singh et al. 2014; Timmer et al. 2014) ; the nature of the reported events was consistent with the known safety and tolerability profile of LABAs (Decramer et al. 2013) .
A dose-response relationship was observed after multiple doses of abediterol for some of the safety and tolerability assessments, including increases in heart rate. Such effects are expected with b 2 -adrenergic agonist administration. The lowest dose of abediterol (2.5 lg), inhaled once in the N, number of patients in the safety population; n, number of patients in the specific category; PT, preferred term; TEAE, treatment-emergent adverse event.
2017 | Vol. 5 | Iss. 5 | e00356 Page 8 morning over 7 days, proved to be as safe and tolerable as placebo and showed a bronchodilator activity that was not distinguishable from the two higher doses of abediterol tested (5 and 10 lg).
Conclusion
In conclusion, in patients with stable, persistent asthma, once-daily abediterol 2.5-10 lg provided clinically relevant and statistically significant improvements from baseline in bronchodilation (including LSM trough and peak FEV 1 ) compared with placebo over a 7-day treatment period. In addition, abediterol 2.5-10 lg showed a good overall safety and tolerability profile at all doses examined that was consistent with those of other b 2 -agonists and similar to placebo at the lowest dose evaluated. No bronchodilatory dose-response effect was seen at the relatively high doses of abediterol examined; further studies of lower doses are required to measure/examine the lower end of the dose-response curve.
